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Microfluidic technology has been grown rapidly in the past decade. Microfluidics 
can find wide applications in multiple fields such as medicine, electronics, chemical and 
biology. Micro-pumping is an essential part of a microfluidic system. This thesis presents 
the optimization process of AC electro-thermal micropump with respect to the geometry 
of  electrode array and channel height. 
The thesis first introduces the theories of AC electrokinetic including 
dielectrophoresis, AC electro-osmosis (ACEO) and AC electro-thermal (ACET). Also 
presented are the basic theory and governing equations of microfluidics, the continuity 
equation, the Navier-Stokes equation, and the conservation of energy equation. AC 
electro-thermal effect results from the interplays between electric field,  temperature field 
and fluid mechanics. Since the governing equations are highly non-linear, numerical 
simulation is extensively used to understand the effects of factors such as  the electrode 
dimensions and channel height.  By interfacing finite element analysis software 
COMSOL Multiphysics with Matlab, to the simulation model is able to scan the 
geometry variables so as to find the optimal micropump design. The optimization has 
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CHAPTER I INTRODUCTION 
 
 
1.1 Micropumps and application 
 
Microfluidics studies fluid transport processes in microchannels. Microfluidics related 
research has grown in the past decade for several reasons. Microfluidics devices are the 
main component of most Lab on a chip (LOC) devices and micro total analysis system 
(µTAS) (1). Over the last decade, microfluidic devices have evolved as a technology for 
efficient and rapid manipulation of biological cells and molecules in small volumes. 
Microfluidics will also fulfill the need of automation in medical and biochemistry 
laboratories. As a result, the concept of LOC emerged, sometimes referred as µTAS(2). 
The medical and chemical analysis system will probably be changed by those amazing 
new technologies. For the purpose of integrating multiple-function on a single chip with a 
very tiny size, the microfluidics research focuses on how to minimize all the components 
of the LOC devices. There are many advantages from those devices when compared to 
classical methods:  low sample consumption, tiny size, high precision control and low 
power consumption.   
A typical microfluidics device usually consists of channels, valves, mixers, pumps and 
filters, providing multiple-functions, such as metering, dilution, flow switching, particle 
separation, mixing, pumping, incubation of reaction materials and reagents, and sample 
dispensing or injection. Microfluidic devices may also be incorporated into various 
detection systems.  It is expected that such devices will improve analysis accuracy, 
increase the sample testing efficiency, and lower the cost.    
To implement microfluidics technology above, one microfluidic function is essential, i.e. 
pumping. Pumping has been involved in every part of microlfuidic devices. There are lots 
of applications for micropumping, such as implanted insulin delivery systems for 
diabetics, microelectronic cooling or even micro-space exploration (3-4). Without 
pumping, the sample cannot be delivered to the sensor. Without pumping, the heat 
exchanger and cooling system cannot work. Without pumping, particle separation, 
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mixing and detecting cannot come true.  Consequently, development of micropumps than 
can meet the requirements of various microsystems becomes an important task. 
In the following, major types of existing pumping techniques are presented. Generally 
speaking, there are two kinds of pumping method, one is mechanical pumps and the other 
one is non-mechanical pumps. 
Mechanical pumps  
Mechanical pumps can be classified in two groups, one is called displacement 
pumps and the other one is dynamic pumps (5). Displacement pumps input 
mechanical energy periodically to increase pressure overcoming channel and 
valve resistance. Dynamic pumps add mechanical energy continuously. There are 
many types of mechanical pumps, such as peristaltic pumps, rotary pumps, 
centrifugal pumps and the most well known is the syringe pumps.  
Non-mechanical pumps 
Electrokinetic pumps are a type of non-mechanical pumps, which includes 
electro-osmosis pumps and electro-thermal pumps. The advantages of non-
mechanical pumps are low cost, low power consumption and precise flow control.   
Electro-osmosis pump  
Electroosmotic pumping is based on electrical double- layer (EDL) that forms at 
electrolyte/solid interface (6). When the charges in EDL are subject to a tangential 
DC electrical field, they will move that drives the fluid in a near wall region. Due 
to viscosity, this layer of moving fluid generates a bulk flow in the rest of the 
channel.  
AC Electro-thermal pumps  
EO pumping works well with de-ionzed water or water with a very low 
conductivity. However, ACEO pumping velocity will drop dramatically with 
increasing fluid conductivity, because the thickness of double layer has been 
compressed greatly. The restriction of low conductivity excludes the use of 
ACEO in pumping of high conductivity media. Due to the limitation of ACEO, 
the utilization of AC electro-thermal has emerged. 
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Electro-thermal effect is based on the fact that when thermal gradient exists, the 
conductivity and permittivity of the fluid will be different in different areas, 
which will generate free ions in the fluid. The free ions will move under the 
applied electrical field and produce fluid motion (7).  
 
1.2 Topics related in this thesis 
 
This thesis deals with the geometry optimization of AC electro-thermal pump, including 
the design of electrode array and the choice of channel height. Here is a brief overview of 
the contents of the thesis. 
Basic theory of AC electrokinetic   
The fundamentals of AC electro kinetic (ACEK) is introduced and the three main types 
of ACEK, dielectrophoresis (DEP) (8-9), AC electro-osmosis (ACEO) and AC electro-
thermal (ACET) are described. Moreover, the basic equations of dynamic fluid, electrical 
and thermal distribution have been described specifically for AC electro-thermal effect. 
The chemical reaction of ACET has been discussed also. 
Geometry optimization of the asymmetric electrode-array pump 
The optimization for searching the maximum pumping rate by using electro-thermal 
effect has been presented in this chapter. In order to help understanding ACET theory, 
two types of electrode array for ACET pumping have been introduced. The finite element 
method solver Comsol Mutiphysics is used for the simulation presented in this thesis. 
Optimization of channel height for the electro-thermal pump 
In this chapter, we focus on the relationship between channel height and ACET pumping 
rate. The threshold channel height and saturation channel height have been defined. With 
different channel height, the pumping has been analyzed and classified in two types, one 




CHAPTER II AC ELECTROKINETICS BASIC THEORY 
 
 
AC electrokinetics (ACEK) technology has been widely used in microfluidic applications 
recently. There are mainly three types of ACEK phenomenon, dielectrophroesis (DEP), 
AC electro-osmosis (ACEO) and AC electro-thermal (ACET) effect. DEP is the motion 
of particle under a non-uniform electrical field and can be used for particle trapping, 
detection and separation. ACEO is fluid motion generated by the induced free charges in 
double lay under electrical field. ACEO is mostly applied to low conductivity fluid 
pumping. ACET refers to the fluid motion caused by the interaction between electrical 
field and thermal field through the Joule heating effect. ACET works on the high 




Dielectrophoresis (DEP) is a force exerted on a dielectrical particle when it is in a non-
uniform electric field. Particles do not need to be charged but rather charges will be 
induced at particle surface by electrical field. If the field is uniform, the distribution of 
induced charges on the particles is uniform and there is no movement. If the field is non-
uniform, the electrical forces on different sides of the particle are not balanced and the 
particles move. The first DEP research dates back to 1950 by Herbert Pohl.(10-11) 
Recently, DEP has been used to characterize and selectively isolate particles, such as 
cells, virus and even DNA. DEP can be readily applied in medical diagnostics, drug 
discovery, cell therapy, and bio-threat defence.etc.  
The strength of the DEP force depends on three factors: the size of particle, the electrical 
properties (permittivity and conductivity) of the medium, and electrical properties of the 
particle.  Several characteristics of DEP have been shown as below: 
a. Dielectrophoresis effect can only happen in an non-uniform electrical field 
b. DEP effect can be observed in both AC and DC excitation field, because the DEP force 
does not rely on the polarity of electrical field. 
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c. DEP usually can be observed for particles with diameters ranging from approximately 
1µm to 1000µm, gravity overwhelms DEP; below 1µm, Brownian motion overwhelms 
the DEP forces. (12) 
 
DEP effect can be classified in two main types according to the direction of DEP force. 
One is called positive DEP (PDEP), which means that particles are attracted to high 
electrical field regions, such as electrode edges. The other is called negative DEP 
(NDEP), which means that particles are pushed away from high electrical field region. 
PDEP has been widely used in particle detection, because it can help accumulate and trap 
particles. NDEP is mostly used for separation in a flow through system.  
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is known as 
Clausius–Mossotti factor, and is determined by the conductivity and permittivity of the 
particle and suspending medium. The value of Clausius-Mossotti factor is between -0.5 
and 1. It can be seen from Eq. (2.1) that the DEP direction depends on the Clausius-
Mossotti factor only, indicating whether the particle exhibits positive or negative DEP. 
The diameter of particle dominate the DEP strength, especially at the same voltage 
(electrical field), This makes the particle separation by using DEP technology possible.  
DEP provides a useful method to manipulate particles. The DEP effect can only influence 
the motion of particle. DEP has not shown effect on continuous flow. Therefore, in this 






2.2 AC electro-osmosis 
 
AC electro-osmosis (ACEO) refers to the motion of polar liquid at the surface of 
electrodes under the influence of an AC electrical field. Electro-osmosis (EO) 
phenomenon is the essence of the ACEO effect.  In the late 1990, Ramos et al (13) 
observed steady flows over a pair of micro-electrodes when an AC voltage was applied 
and dubbed the effect “AC electro-osmosis”. Ajdari predicted ACEO flow in a periodic 
electrode array and showed how the effect could be used for long-range pumping (14).  
In order to explain the ACEO theory, the concept of electrical double layer should be 
introduced here. When brought into contact with an aqueous solution, most material 
(solid particles, gas bubble and liquid droplet) will acquire surface electric charges.  The 
surface charges will attract counter ions from the liquid to screen the surface charges.  So 
there are two layers of charges at the interface, hence the name “electrical double layer.”   
The main mechanism of ACEO pumping is that the free ions in the double layer move 
under the tangential electrical field. Due to the viscosity between the free ions and fluid, 
the suspend fluid will be dragged by the motion of free ions and form flows. The general 







= − ⋅∆ ⋅ 
 
                     (2.2) 
Where η and mε are the viscosity and permittivity of the medium, E is the tangential 
electric field and ξ∆ is the voltage drop over the charged double layer. In this equation, 
the permittivity and viscosity of the medium can be considered as constant.  ACEO 
velocity has a linear dependence on the applied electrical field. Typically, a higher fluid 
conductivity makes the double layer thinner. Therefore, the ACEO pumping effect will 
drop dramatically in a high conductivity fluid (10-2 and 10-1 S/m) and drop to zero 
eventually (15).  
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The double layer is just like a capacitor and will be charged by AC electric current 
through the resistive fluid bulk.  However, if the applied frequency is very high, then 
there will not be enough time to charge the double layer completely. The time averaged 
expression for ACEO velocity as a function of frequency has been shown as below (16), 



















                 (2.3) 
where V is the applied voltage, L is the electrode spacing (roughly center to center); δ  is 
the ratio of the diffuse layer to surface layer capacitances (can be considered as constant); 
cω  is the peak frequency for ACEO velocity. It can be seen that around cω ω= , the 
ACEO velocity reaches its maximum value. Some experiment results on ACEO flow has 
been presented in (13) as a function of applied frequency and fluid conductivity.  
Usually ACEO pumping is suitable for dilute fluids with very low conductivities (<10-3 
S/m) at low frequency range (<100 kHz). However, for most of biomedical applications, 
the conductivity of sample solution is pretty high (>10-2 S/m), ACEO cannot be used 
anymore. Instead, ACET pumping should be used.  The detail of ACET will be described 
in the next section. 
 
2.3 AC electro-thermal effect 
 
AC electro-thermal effect arises from the interaction between electrical field and 
gradients of conductivity and permittivity which can be generated by temperature 
gradient. This phenomenon has been observed and studied for microfluidic manipulation 
by several research groups. AC electoral-thermal pumping occurs for all frequencies.  
The ACET pumping effect depends on the applied voltage greatly, the relationship 
between the pumping velocity u and applied voltage V_rms is 4_ rmsu V∝ ,.  
AC electrothermal effect arises from the interactions between the electric, temperature 
and fluid velocity fields.  Governing equations will be given below. 
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2.3.1 Fluid field  
Fluid flow through a channel can be characterized by the Reynolds number.  If Reynolds 
number is less than 2000, the flow is laminar.  Due to the small dimensions of 
microchannels, the Reynolds number is usually much less than 100, often less than 1.0.  
So flow in microchannel is completely laminar and no turbulence occurs.  Governing 
equations of fluid dynamics in laminar regime are given below, including continuity 
equation (mass conservation equation), the Navier-stokes equation and the energy 
conservation equation.  
2.3.1.1 Continuity equation 
A continuity equation in physics is a differential equation that describes the transport of 
conserved quantity. In microfluidics, it means the fluid is continuous and unbreakable.  
The mass of fluid going into the inlet is equal to the mass of fluid out of the outlet. The 
channel cannot produce or remove any fluid in the pumping process. The continuity 






ρ+ ∇ ⋅ =        (2.4) 
where mρ the mass density and u is the fluid velocity. The first term accounts for mass 
density change and the second term accounts for mass flow.  As discussed by Castellanos 
(17), typically the magnitude of the relative pressure variation is 20/ ( / )m m su uρ ρ∆  , 
where 0u  is the system velocity and su is the speed of sound in fluid. In microfluidic area, 
the system velocity 0u is up to 10
-3 m/s and the sound velocity in water is 1400 m/s. 
Because fluid can be considered as incompressible in laminar regime, the continuity 
equation can be simplified as: 
                                                    0u∇ =                                             (2.5) 
2.3.1.2 Navier-stokes equation 
The Navier-Stokes equation is the classical governing equation for forces and momentum 
of fluid. For an incompressible, Newtonian fluid, the Navier-Stokes equation is 
2( )m m
u




+ ⋅∇ = −∇ + ∇ +
∂
     (2.6) 
where ( )m u uρ ⋅∇  refers to the viscous term and 
2
uη∇  means the inertial term. p is the 
pressure, η is the viscosity and f is the external applied body force, including buoyancy, 
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electric force, etc. In this thesis, f  refers to the force generated by ACET effect since 
buoyancy is negligible when compared with ACET force. The left hand side is a 
nonlinear differential equation, which makes it difficult to solve the Navier-Stokes 
equation. However, the Navier-Stokes equation can be linearized when applied within a 
microfluidic system. 
Dimensionless analysis can be used to help simplify the N-S equation.  Each variable is 
scaled by a typical magnitude. In the Navier-Stoke equation 2.6, let 0 'u u u= where 0u is 
typically 10-4 – 10-3 m/s for the microfluidics systems and u’ is the dimensionless 
variables. For the other variables, let the variables of time 0 't t t= , pressure 0 'p p p= ,and 
the length 0 0 0l u t= , then the Navier-stokes equation takes the form of non-dimension 
variables, with dimensionless scaling coefficients. This dimensional equation can be 
written as: 
                      
20 0 0 0 0 0
2
0 0 0 0 0
'
( ' ') ' ' ' ' '
'
m m m
t u t p t tu
u u p u f




+ ⋅∇ = − ∇ + ∇ +
∂
                     (2.7) 
The relative importance of the two types force (viscous forces and inertial forces) for a 
given flow condition can be represented by Reynolds number (Re), 
















         (2.8) 
If the Reynold’s number Re<<1, the viscous forces dominates the dynamic fluid 
conditions and if the Reynold’s number Re >>1, the inertial force dominates. (18) For 
microfluidics system we can make a simple calculation with 50 10l
−
 m and 30 10u
−

m/s, with 310mρ = kg/m
3 and 310η −=  kg m-1s-1. Then the Reynolds number is 0.01 and 
the fluid flow can be considered as the laminar flow. Even with a high velocity, the 
Reynold’s number is still very small compared to unity. If the fluid is moving under the 
external pressure or forces, which is suddenly removed, the fluid will stop immediately. 
The turbulent fluid is very unlikely to exist in a microfluidic device. Now we can make a 
conclusion that the laminar flow dominates the microfluidic system. (19) This means that 
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the inertial term in the equation can be neglected. The final simplified Navier-Stokes 








= −∇ + ∇ +
∂    (2.9)
 
The solution of this equation, with its specific boundary conditions, presents the fluid 
velocity u for a given body force f . 
2.3.1.3 Conservation of Energy 
The law of conservation of energy is a fundamental law of physics. The microfluidic 
system also should obey this, therefore the volume of fluid energy equation has been 
written: 




[ ] [ ( ) ' ]
2 2
t m m m m p heatu U u u H u c D Tρ ρ ρ τ ρ∂ + = −∇ ⋅ + − ⋅ − ∇                   (2.10)
 
where mHρ is the enthalpy density and 'τ  the stress-tensor. The left-hand side is the rate 
of change of kinetic energy and thermal energy. The right hand side is the energy flux. 
The main part of ACET is the conversion among the fluidic dynamic energy, thermal 
energy and kinetic energy (electrical energy). It is very important to figure out the energy 
relationship when the fluid is moving in a microfluidic device.  
2.3.2 Electrical force 
AC electoral-thermal force is a type of electrical force. In general, the application of 
electric fields to a fluid produces body force and therefore fluid flows. Under the same 
voltage, scaling down will lead to higher electric field and stronger electric force, so that 
the fluid velocity is higher and the fluid flow is more obvious and. The electrical force 
density is given by Stratton (20): 









  ∂ 
= − ∇ + ∇  ∂   
                          (2.11) 
where qρ and mρ are the charge and mass densities, respectively, ε is the permittivity, T 
is the current temperature and E is the magnitude of the electric field E. On the right hand 
side of this equation, the first term is the Coulomb force, the second term is the dielectric 
force and the last term is the electrostriction pressure. Because liquid is incompressible, 
the electrostriction pressure term can be neglected. 
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 For an electrically neutral fluid sample, free charges can be induced by temperature 
gradients in the fluid, and those free charges will move under the electric field and 
contribute to the first term in Eq. 2.11.  Inhomogeneous heating of the fluid will generate 
gradients of permittivity and conductivity, which in turn induces mobile charges in the 
fluid. The relative changes in the permittivity and conductivity are small for typical water 
solution.  That means the changes for electrical field and charge density are small and a 
first order expansion of the electrical field can be used to account for this changes.  Here 
the electrical field E in Eq. 2.11 can be written as the sum of the applied electrical field 
0E and the perturbation electrical field 1E  namely 0 1E E E= + , with the boundary 
condition of 1 0E E<< . 
The charge density qρ  can be described by Gauss’s law, 
( )q Eρ ε=∇⋅       (2.12) 
Using the new electrical expression for E and 0 0E∇⋅ = , the qρ can be rewritten as 
below: 
0 1q E Eρ ε ε=∇ ⋅ + ∇⋅      (2.13) 
Therefore, the electrical body force becomes 
( ) 20 1 0 0
1
2
ef E E E Eε ε ε= ∇ ⋅ + ∇ ⋅ − ∇   (2.14) 
Now we should obtain an expression for the divergence of the perturbation field 1E∇⋅ , in 
terms of the permittivity , conductivity and the electrical field according to the charge 
conservation equation: 





+∇ ⋅ +∇ ⋅ =
∂
   (2.15) 
where σ is the fluid conductivity, quρ is the convection current and Eσ is the conduction 
current. The ratio of the magnitude of the convection current to the magnitude of the 
conduction current is called the Electrical Reynolds number 0 0/u lε σ . (21) For typical 
values, the Reynold number is 71 10−× , so that the second term in equation 2.15 can be 
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neglected. Combining Eqs. 2.15 and 2.13, the new charge conservation equation can be 
rewritten as: 
( )0 1 0 1 0E E E E
t
ε ε σ σ
∂
∇ ⋅ +∇ ⋅ +∇ ⋅ + ∇ ⋅ =
∂
  (2.16) 
Assuming we have a harmonic time varying field of single frequency ω, ∂/∂t=iω and 
0 1 0 1 0i E i E E Eω ε ωε σ σ∇ ⋅ + ∇ +∇ ⋅ + ∇⋅ =   (2.17) 









− ∇ + ∇ ⋅
∇ ⋅ =
+
    (2.18) 
Here the equation 3.14 can be rewritten in a time average scale as: 
                                            
2*




ef E E E Eε ε ε= ∇ ⋅ + ∇ ⋅ − ∇                     (2.19) 
Substituting equation 2.18 and equation 2.19 gives the body force in terms of the applied 
field 










σ ε ε σ
ε
σ ωε
 ∇ − ∇ ⋅  = − ∇  +  
               (2.20) 
2.3.3 Thermal distribution field 
Because of the resistive property in the electrode and fluid bulk, the current through the 
electrode and fluid will generate heat. Therefore Joule heating phenomenon will occur. 
The relationship between the applied electrical field and the heat (generated by Joule 
heating phenomenon) can be presented as below: 
2
Q Eσ=                                                                    (2.21) 
where Q is the heat, σ is the fluid conductivity and E is the applied electrical field. The 
thermal heat transfer equation is given as: 
( ) m pk T Q C u Tρ∇⋅ − ∇ = − ⋅∇                            (2.22) 
where k is thermal conductivity of fluid, T is the temperature, pC is heat capacity and u is 
the fluid velocity. The definition of mρ  has been given already. Combining Eqs. 2.21 and 
2.22, the thermal distribution can be calculated for a given electrical field. 
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The thermal distribution affects the distribution of permittivity and conductivity. The 

















                                                             (2.24) 
Combining Eqs. (2.20), (2.23) and (2.24), the time averaged electrical force density can 
be obtained: 
                                   
( ) 2*0 0 0
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, for an aqueous solution, typically 10.4%Kα −≈ −  
and 12%Kβ −≈ . Equation 2.25 is the ACET force density. Obviously, the magnitude of 
ACET force relies on the strength of electrical field and temperature gradient.  
 
2.4 Chemical reaction 
 
In a real ACET experiment, the following phenomenon can be observed. The bubble will 
be generated at the edges of electrodes if the applied voltage is too high. This bubble 
generation phenomenon is attributed to electrolysis ---one kind of chemical reaction.  
Chemical reactions should be avoided, because they are disruptive of pumping. The 
detrimental effects from chemical reactions are shown as follows: 
• Pumping velocity decreasing 
Once bubbles are generated, pumping velocity will go down dramatically, even 
stop the pumping. These generated bubbles are compressible. At the same time, 
the external pressure will disappear immediately.  
• Channel blocking 
Bubbles in microfluidic devices cause important problems since they can block 
micro-channels because of surface tension. 
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• Corrosion of electrodes 
As discussed above, the essence of the chemical reaction in microfluidics system 
is just like the process of electrolysis. The key process of electrolysis is the 
interchange of atom and ions by removal or addition of electron between 
electrodes and fluid.  That means that through electrolysis the metal (electrode) 
and fluid exchange ions, part of electrode will go into the fluid and part of 
electrolyte will deposite onto the electrode.  With the processing of electrolysis, 
the property of the initial electrode has been changed, and the conductivity and 
thickness of electrodes typically will decrease. The electrodes get corroded in this 
process, and will even disappear given sufficient time.  
However, the chemical reaction sometimes can enhance the pumping to some extent. 
Because the chemical reaction happened, more free ions has been produced in the fluid, if 
the bubbles have not produced but only the free ions produced.  More free ions in the 
fluid means more driving force for pumping. Therefore, if the electrolysis is too strong, it 
will lower the pumping effect but with an appropriate level it will help the pumping 
greatly. Unfortunately the electrolysis is a very complicated phenomenon and hard to 
control.  
For all those reasons above we want to avoid this complicated chemical reaction 
phenomenon. In all our experiments, applied voltages were carefully chosen to avoid 
















AC electro-thermal (ACET) pumping starts attracting research interest as a pumping 
method in microfluidic system recently. ACET micropump has the advantages such as 
simple setup, low cost, high pumping efficiency and suitable for high conductivity fluid 
(bio-medical fluid), making it suitable for integration in microfluidic systems. ACET 
pumping relies on the electrical field and the temperature gradient, which produces free 
ions (in fluid) that move under the influence of electric fields and induce the microflow 
as a consequence. The strength of the electrical field and temperature gradient are two 
key factors that heavily influence the pumping effect The geometry of planar electrode 
array can influence the strength on both the electrical field and temperature gradient.  
  
3.1 AC eletro-thermal pumping overview 
 
ACET flow is a kind of fluid motion induced by temperature gradients in the presence of 
AC electrical field. Temperature gradient can be caused by several configurations of 
microelectrodes, such as parallel plate, needle-pin and planar interdigtated electrodes.  
Among them, the most commonly used one is the planar interdigtated electrode array.   
Actually, people observed ACET phenomenon first in a symmetric electrode array. In a 
fluid of high conductivity (> 10-2 S/m) in which the ACEO cannot sustain, the fluid starts 
moving with increasing applied Voltage V_rms. This type of fluid motion occurs for all 
frequencies but generally has a lower magnitude than AC electroosmosis.   
Model description 
As shown in figure 3.1, two thin electrodes are deposited on a SiO2/Si Substrate side by 
side.  SiO2 serves the purpose of electrical and thermal insulation. The sample fluid is in 
a rectangular microchannel above the electrodes and in contact with electrodes directly. 
Figure 3.2 shows the top view of such a planar interdigitated electrode array.  The AC 




Figure 3.1. The electrode and channel structure 
 
 
Figure 3.2. The design of electrode array and power applied setup 
 
 17
Analysis on ACET fluid  
The general theory of AC electro-thermal has been introduced in chapter 2 already. As 
discussed before, ACET effect is generated from electrical field and temperature 
gradient. In order to explain the ACET flowing effect, here the equation 2.12 is quoted 
again. 
                                
( ) 2*0 0 0
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(3.1) 
where α , β , ε ,σ are constant, T∇ and 0E are the temperature gradient and electrical 
field. 2 fω π= is radian frequency which can be considered as a constant at a fixed 
frequency. Typically for aqueous solution 10.4%Kα −≈ − and 12%Kβ −≈  . The first term 
of this equation represents Coulomb force. The second term is dielectrophresis force. 
Coulomb force can be reduced by increasing the radian frequency ω. According to 
equation 3.1, we can conclude that the direction of Coulomb force will be always 
opposite with dielectrophresis force. These two types of force compete with each other 
and change the flow direction with frequency.  The crossover frequency can be calculated 
by using equation 3.2 as: 










=                                  (3.2) 
The value of α  and β  are fixed for aqueous solution. The magnitude of Coulomb force 
usually is larger than the dielectrophresis force. We should take advantage of this point 
and choose Coulomb force as the main actuation mechanism for ACET pumping.  
Therefore, typically for ACET pumping the signal on the electrode is applied under a 
higher frequency (>100kHz).  
From figure 3.3 and figure 3.4 we can see that the magnitude profiles of electric field and 
temperature gradient around these two electrodes are similar since   , but the 
directions are opposite. The temperature distribution is shown in figure 3.5 and the white 
arrow indicates the direction of temperature gradient. The ACET forces around the two 
electrodes are opposite in direction and with same magnitude. Therefore local vortices 





Figure 3.3. The electrical field distribution at the surface of symmetric electrode array. The gray 
bar means electrodes. 
 
Figure 3.4. The temperature gradient distribution at the surface of symmetric electrode array. The 





Figure 3.5. Temperature distribution around the electrodes. The surface color shows the 
temperature and the white arrow means temperature gradient. 
 
Figure 3.6.  ACET fluid field distribution in symmetric electrodes. The black arrow and white 
streamline indicate the ACET flow and the surface color shows the temperature distribution. 
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The above presented and discussed ACET flows over a pair of symmetric electrodes. 
Because of the balanced ACET forces on the symmetric electrodes, the fluid is only 
rotating locally.  To realize net transport of fluid, it is necessary to break the symmetry so 
that fluid force over one electrode will dominate and generate pumping action. A 
common strategy of breaking the electrode symmetry is to make the two electrodes of 
different widths. 
For electrodes of unequal widths, ACET forces around these two electrodes are not 
balanced any more. Typically, the fluid will be pumped from the short electrode to the 
long electrode when the electrodes are at a lower temperature than the fluid. 
From the figure 3.3 and figure 3.4  it can be seen that when the electrode width have been 
set in different values, the magnitude of ACET force for the two electrodes are not same 
anymore but still with opposite directions. Then a pumping will be generated by the 
unbalanced ACET force. The changing of the width of electrodes influences the 
distribution of electrical field, and then affects the thermal distribution, finally changing 
the ACET flow field. 
Therefore, we need use the ACET equation to simulated and finally plot the pumping 
result which has been shown in Fig 3.7. 
 
Figure 3.7. Fluid field distribution in symmetric electrodes. The black arrow and white streamline 
shows the ACET fluid and the surface color shows the temperature distribution. 
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This analysis shows that the electrodes length and gap (space between electrodes) can 
influence the ACET pumping greatly. However, the influence of geometry changing to 
the distribution of electrical and temperature gradient field is complex and not linear. The 
optimization of ACET pumping by modifying the geometry parameter is a complicated 
problem. In the following, we will use variable scanning method and iteration calculation 
to get the best pumping result.   
3.2  Initial condition of asymmetric electrode array optimization 
A two-dimensional numerical simulation was performed for the optimization of ACET 
micro-pumping in this section. The micro-pumping device consists of an array of 
interdigitated electrodes along the bottom of the micro-pump channel. As discussed in 
last section, the geometry of the electrode array can affect the pumping greatly.  
3.2.1 Device Geometry 
 
 
Figure 3.1. The schematic diagram of the physical model 
W1: the length of short electrode     W2:the length of long electrode 
G1: the length of short gap               G1: the length of long gap 
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We consider a two-dimensional (2D) geometry like that shown in as side view in figure 
3.8. It consists of a substrate on which an array of asymmetric interdigitated 
microelectrodes is deposited. Each electrode pair includes two electrodes widths (short 
electrode width W1 and long electrode width W2), two stage gaps (short electrode gap 
G1 and long electrode width G2) and the channel height H. The full period length is 
L=W1+G1+W2+G2. For asymmetric electrodes, it is assumed that W1<W2 and G1<G2. 
On top of electrodes a microfluidic channel with height H is placed. The optimization of 
channel height H will be presented in next chapter. 
The channel is filled with a sample fluid with conductivity 0.02σ = S/m, and the short 
electrode and long electrode are energized with an ac voltage V_app=±10cos(ωt), 
respectively. The wall of channel has been assumed to be electrically and thermally 
insulative. The method of exhaustion is used to test every combination of device 
dimensions and get the best pumping result.  
3.2.2 Assumption and initial condition 
The model for the ac electoral-thermal of the system is similar to that of Nicolas (7) and 
is based on the following approximation: 
1. Laminar, steady and incompressible flow; 
2. The thickness of the bottom electrodes is negligible; 
3. There is no chemical reaction and Faradic charging effect 
4. The inlet and outlet conditions are periodic, and the end effect at the two ends of 
channel is   negligible.  
5. The electrodes have been considered as a perfect thermal conductor, which means the 
temperature of the electrodes array is fixed to room temperature. 
6. There is no ACEO effect because of using the sample fluid with a high conductivity. 
7. Gravity is neglected.  
Our target parameters for optimization are electrode array dimensions (W1,G1,W2,G2).  
A function between the array dimension and flow rate has been set as follow: 
[ 1, 2, 1, 2,...]Q W W G Gψ=  
Other parameters with respect to the electrical, mechanical and thermal properties of fluid 
remain the same throughout the optimization. Only the geometry parameters are varied to 
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find the maximum pumping rates. We take G1 as our reference value to describe the 
other three variables. The ratio definition for W1, W2, G1 and G2 has been shown below: 







=         







=   











Table 3-1 Shows all the initial boundary conditions in this thesis 
Geometry parameter 
W1 Variable W2 variable 
G1                           variable  G2 variable 
L variable/L=W1+W2+G1+G2 H 200um 
    
  
Electrical parameter 
Symbol Description value   
V_rms applied voltage 10V   
σ electric conductivity 0.02[S/m]   
ε0  permittivity of vacuum 8.85E-12[F/m]   
ε   Permittivity 7.101e-10[F/m]   
f Angular frequency 15KHz   
        
                  Fluidic Dynamic parameter   
Symbol Description value   
η   dynamic viscosity 1.08E-3[Pa*s]   
u velocity on X direction     
v velocity on Y direction     
        
              Thermal parameter   
Symbol Description value   
Cp heat capacity of water 4184 J/(kg.K)   
k thermal conductivity of water 0.598 W/(m.K)   
ρ mass density of water 1000[kg/m3]   





3.3 Optimization process 
 
W1,G1,W2 G2 are the four target variables and each of them has a variation range. We 
will input the data into their range for these four variables respectively and finally find 
the best variables combination to get the maximum flow rate. The schematic of the 
optimization process has been shown in figure 3.9. 
The short gap G1 affects the electrical and thermal field greater than other variables since 
it determines the electric field strength. Therefore, we will fix the length of G1at first and 
scan other three variables. After finding the optimal result of these three variables, 
change G1 to other value then redo the scanning. Following this scanning process, the 
final optimal result will be found for all these four variables.  
A Matlab code interfacing with Comsol model has been written to implement this 
optimization. Three loops are used to scan the three variables (W1,W2,G2) and the result 
is inputted in a 3D-maxtrix A. The code detail is put in appendix.  
 
Figure 3.8. Schematic of optimization process 
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The simulation includes three stages. Firstly, the channel height H, short channel width 
G1, long gap G2 and applied voltage V_rms are fixed, and the best flow rate is found by 
changing short electrode W1 and long electrode W2. Secondly, find the best flow rates by 
changing the G2. Thirdly, change G1 to several different values and change the V_rms 
value correspondingly in order to keep the electrical field strength constant, see whether 
the best ratio combination for different G1 will change or not. The electrical field 
strength in short gap G1 is fixed for all the three stages. Because periodic boundary 
conditions are used in this simulation model, the electrical field (Ex, Ey), the fluid field 
(u, v) and the temperature (T) on the inlet and outlet are exactly same.  
3.4 Results and analysis 
Stage 1 
The applied voltage V_rms=10V, channel height H=200 m and G1=10 m are fixed in 
order to keep the electrical field in short gap constantly. G2 has been given a random and 
suitable value 5. We will scan G2 value in stage 2. 
The relationship between these parameters should be: 
 1 1 1,0.1 1 12 3 1,1 3 11
2 2 1 5 1
W r G r
W r G r
G r G G
= × < <
= × < <
= × =
 
If the W2 is too long the flow resistance over one period of electrodes will increase and 
finally the flow rates will reduce, however W2 should be greater than the short gap G1. 
Therefore, we give a reasonable range of W2 1<r2<7.  W1 should be shorter than G1 and 
W2, so the range of W1 is 0.1<r1<1. The scanning result of stage 1 will yield a close to 
optimal combination of W1 and W2. 
Figure 3.10 shows the pumping rates related with the change of r1 and r3 in the range of 
1<r1<1 and 1<r3<11. The maximum pumping rate can be got when r1=0.3, r3=3 and 
r2=5. 






Figure 3.9. Pumping rates related with varying of W1 and W2 
 
Stage 2 
In this stage, the applied voltage V_rms, channel height H and G1 are fixed at the same 
value as in stage 1. The G2 will be scanned after the scanning of W1 and W2. Variables 
G2, W1 and W2 vary in their ranges respectively. The relationships between the 
parameters are given as below: 
 1 1 1,0.1 1 12 3 1,1 3 11
2 2 1,1 2 9
W r G r
W r G r
G r G r
= × < <
= × < <
= × < <
 
Long gap G2 should be larger than the short gap G1.  Similar to W2, a wider G2 will lead 
to larger flow resistance.. Therefore, a reasonable range of G2 has been given as 1<r2<9. 
The result proves that the maximum pumping rates is in this range. 
Figure 3.11 shows the pumping rates related with varying of G2. Every point in this plot 
is already an optimized result of the scanning of W1 and W2. Therefore, the maximum 





Figure 3. 10. Pumping rate related with the G2,W1 W2 varying 
The best ratio of the variables G2 W1 and W2 with the V_rms=10V and G1= 10 m is 
W1:G1:W2:G2=0.3:1:3:5. The pumping rates by using the ratio of 
W1:G1:W2:G2=0.3:1:3:3 is almost same as the ratio of 0.3:1:3:3. Therefore, both of 
these two ratio could be considered when fabricate the electrode array. 
Stage 3 
In this stage, actual values of G1 or applied voltage are varied to see if the optimized 
geometry still holds under these conditions.  The short gap G1 has been test with the 
following value 10m, 20m, 30m, 40m and 50um. Two scenarios are considered.  
In the first scenario, the electrical field strength in the gap is kept the same, so the applied 
voltage on G1 should be 10V,20V,30V,40V and 50V respectively. The same scanning 
process as in stage 1and stage 2 has been used in this stage, except with the addition of 
one more loop for varying G1. Therefore, every result in this stage is the optimized result 
after the four variables scanning. Table 3-1 shows the final optimized ratio result for each 
G1. 
From the Table 3-1, we can see the best ratio for each G1 stays basically the same. The 




Table 3- 1 
G1 V_rms 




10um 10V 0.3:1:3:5 2.5×10-8 
20um 20V 0.3:1:3:3 1.6×10-7 
30um 30V 0.3:1:3:3 4.5×10-7 
40um 40V 0.3:1:3:3 9.1×10-7 
50um 50V 0.3:1:3:3 1.36×10-6 
Table 3- 2 
G1 V_rms IV (W) 
Fluid power WQ 
(W) 
Power loss (W) 
10um 10V 5.70E-05 2.90E-07 5.67E-05 
20um 20V 4.08E-04 8.12E-06 3.99E-04 
30um 30V 1.38E-03 7.60E-05 1.31E-05 
40um 40V 3.07E-03 3.10E-04 2.70E-05 
50um 50V 5.93E-03 6.92E-04 5.23E-03 
 
The energy source of this pumping device is from the AC signal. The input power can be 
easily calculated by timing applied voltage V_rms and current on the electrodes. The 












=                                            (3.3) 
Where η is viscosity, H is the channel height, Q is pumping rate and L is the total length 
of one periodic electrode array. Obviously, the power loss = input power – fluid power. 
Table 3-2 shows the input power, fluid power and power loss related with the changing of 
G1 and V_rms. 
From Table 3-2, we can see that the power loss of this interdigitated electrode array is 
getting higher with the larger size of electrodes.  
The second scenario is that we keep the voltage same. The optimized electrode geometry 
for each G1 is shown in table 3-3. 
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Table 3- 3 
 
G1  V_rms  




10m  10V 0.3:1:3:5  2.5×10-8 
20m  10V  0.3:1:3:3  1.07×10-8 
30m  10V  0.3:1:3:3  6.24×10-9 
40m  10V  0.3:1:3:3  4.42×10-9 
50m  10V  0.3:1:3:3  3.01×10-9 
 
 Obviously, under the same applied voltage, with the increasing electrode array 
dimension, the pumping rate is decreasing. However, the final optimized ratio keeps the 
same. 
According to these results, the best ratio of W1,G1,W2,G2 is almost same as when 
G1=10um. It can be seen that if the applied electrode field strength is kept constant, the 
pumping rates becomes higher with increasing G1. That means the larger of the device 
dimension, the better ACET pumping rates. However, in real experiments, chemical 
reactions probably happen in a high voltage level. Therefore, the electrode array should 








In Chapter 3, an optimization method for micropumping by asymmetric planar 
interdigitated electrode arrayhas been presented along with the simulation results.As it is 
well known either from experiments or from simulation, pumping rate can also be 
strongly influenced by the height and width of channel. This chapter will present the 
dependency of ACET pumping rate on the height and width of microchannel is 
numerically studied in this chapter. 
 
4.1 Initial parameter setting 
 
According to ACET theory presented in Chapter 2, ACET pumping phenomenon is the 
result of coupling between electrical field, dynamical fluid field and temperature field. 
These three fields will be affected by the electrode and channel geometries. In Chapter 3, 
the optimization of the electrodes array has been discussed. In this chapter, the optimized 
ratio result from Chapter 3 will be used to investigate the effects of the height and width 
of the pumping channel. 
For the purpose of comparing the pumping effect, the applied voltage V_rms has been set 
at the same level 10V. The other parameters, such as conductivity, permittivity and size 
of electrodes array is the same as in the chapter 3. Table 4-1 presents all the initial 
parameter settings for the optimization of channel height and width. 
4.2 Channel height and channel width 
 
As showed in the last chapter, the geometry of the electrode array can change the strength 
and distribution of the three field (electric, fluid, thermal), and it is same for the channel 
height and width. 
From our simulation study, we find that there are two types of flow rate dependence on 
channel height as determined by the channel width Wb and the optimal channel height H 
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will change accordingly. To simply the discussion of optimization process, we will 
describe the simulation results for two cases, (i) channel width Wb is much larger than 
the channel height H (Wb>>H); and (ii) channel width Wb is comparable to the channel 
height H (Wb<H). In each case the several different channel heights will be discussed.  
For micropumps, the range of channel height is less than 10-3 m. That means channel 
height H can be varied from zero to a maximum value of 10-3 m, but not necessary for 
every case in the simulation. The optimal results of channel height for these two 
conditions are different and will be presented separately.  
 
Table 4-1 Initial parameters 
Geometry parameter 
W1 1.5um W2 15um 
G1 5um G2 15um 








V_rms Applied voltage 10V 
 
σ Electric conductivity 0.02[S/m] 
 
ε0 Permittivity of vacuum 8.85E-12[F/m] 
 
ε Permittivity 7.101e-10[F/m] 
 
F Angular frequency 15KHz 
 
    
Fluidic Dynamic parameter 
 
Name Description Value 
 
η Dynamic viscosity 1.08E-3[Pa*s] 
 




Name Description Value 
 
Cp Heat capacity of water 4184 J/(kg.K)  
k Thermal conductivity of water 0.598 W/(m.K) 
 
ρ Mass density of water 1000[kg/m3] 
 




4.3 Case One: Channel width Wb >> Channel height H 
 
In this case, the channel width is much longer than the channel height and the 
micropumping channel is wide and flat. Our simulation will show that channel height 
plays a very important role in the distribution of electrical field and thermal gradient.  
4.3.1 Electrical and thermal field attenuation 
Electrical field will attenuate in the fluid. With a given applied voltage and electrode 
array design, the changing rate of electrical field will have two different stages.  
Firstly, the channel height is much larger than the pitch of electrode array. In this case, 
electric field is fully developed, and the field distribute is the same as when the channel 
height goes to infinite.  
Secondly, the channel height is so small that the development of electrical field and 
temperature field becomes compressed by the channel height.  
Temperature distribution in the fluid is governed by electrical field as power consumption 
is 2rmsEP σ= . Therefore, both of these two fields are affected similarly by the channel 
height in the two stages described above.  
4.3.2 Threshold channel height 
In the simulation, the channel height varies continuously from zero to the maximum 
value of channel height (1000 um) to find a maximum pumping rate.  The electrical field 
will attenuate with the distance away from the electrodes. As electrical field affects 
temperature distribution through Joule heating, so the attenuation of electrical field leads 
to the reduction in temperature rise directly.  
Here, threshold channel height Hb is defined as the height at which the electrical field 
almost attenuated to zero. If channel height is lower than Hb, then the relationship 
between the channel height H and the pumping rate Q is nonlinear. Flow rate grows with 
increasing channel height faster than a linear rate. If channel height is higher than Hb, 
flow rate goes up with channel height linearly. As shown in Fig 4.1, electrical field is 





Figure 4.1. Contour plot of the electrical field strength and threshold height Hb. The gray bars are 
electrodes. The contour color represents the magnitude of electric field strength. 
For each given electrode array, the threshold channel height is defined as a channel 
height at which electrical field is lower than 1% of maximum electrical field E_max.  In 
the following, we will describe the dependency of flow rate on channel height for the two 
cases with respect to threshold channel height. (i) Channel height H > threshold height 
Hb. (ii) Channel height H < threshold height Hb. 
1) H > Hb 
Simulation was performed with channel geometries and boundary conditions described as 
follows. The channel width Wb is much larger than the channel height H, and is set at 1 
meter in the simulation. The electrode array geometries will continually use the 
optimized design from Chapter 3, in which the dimensional parameters of the electrode 
array, W1, G1, W2, G2 maintain the ratio of 0.3:1:3:3.  G1 is set to 5 m and the 
threshold channel height is found to be around 20 um. The applied voltage V_rms is 10V 
and the permittivity, conductivity and other parameters are already given in Table 4-1. 
Results for channel height H=60um 
For a channel height of 60µm, which is higher than the threshold height 20µm, ACET 




Figure 4.2. ACET microflow field for a channel height of 60 m and an optimized electrode array 
withW1=1.5µm,G1=5µm, W2=15µm, G2=15µm. The black arrow shows the pumping direction 
and its size is proportional with the fluid strength. The two gray rectangle areas are electrodes and 
the color surface means the strength of the pumping velocity.  
 
Figure 4.3. For a fixed channel height 60µm, fluid velocity as a function of channel height H at 
the specific location of x=7.5 µm, the velocity distribution on the red line in Fig.4.2. The 
maximum velocity is 
44.24 10−× m/s. 
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From figure 4.3 we can see that fluid velocity changes with the channel height H linearly 
at the channel height is higher than the threshold height 20um. Above the threshold 
height, the strength of electrical and thermal field is zero and that means there is no 
ACET driving force in that area. The fluid movement above the threshold height can be 
regarded as Couette flow. Couette flow can be abstracted as flow between two infinite, 
parallel plates separated by a distance h. One plate, for example the top one, translates 
with a constant velocity u0. If the boundary condition of the lower plate is u(0)=0, the 





=                                                             (4.1) 
where y is the channel height and u(y) is the velocity distribution.  Figure 4.4 illustrates 
the Couette flow in a channel of height h. Obviously, u(y)=0 at y=0 and  u(y) reaches its 
maximum value u0 at y=h. 
From Fig. 4.4, it can be seen that flow above the threshold height of 20m exhibits the 
characteristics of a typical Coquette flow, and it obeys the Coquette flow equation. 
 
 
Figure 4.4. The demonstration plot of Couette flow (22) 
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Pumping rate and channel height 
 
All the simulation result and plot above is generated from a specific channel with a fixed 
channel height of 60 um. The objective of this thesis is to find an optimal electrode and 
channel design to maximize flow rate, so several channels with different channel heights 
have been simulated to seek a maximum pumping rate. 
From figure 4.3, we can see that the fluid velocity at the threshold height 20m is 
41.4 10−× m/s. The simulation shows that if channel height is higher than the threshold 
height, the fluid velocity at the level of threshold height is fixed and will not change with 
different channel heights. In this situation, the channel height cannot influence the 
electrical and thermal field anymore, because all the electrical field and thermal gradient 
becomes zero above the threshold height.  Above this height, pumping rates vary linearly 
with channel height. Figure 4.5 is a good demonstration to show their relationship. 
 
 




2) H < Hb 
In this section, we focus on the dependence of flow rate on channel height when it is from 
zero to threshold height. The model is solved with the following configuration: applied 
voltage V_rms=10V, W1=1.5m, G1=5m, W2=15m, G2=15m and other 
parameters are same as listed in Table 4.1. In this regime, ACET driving force exists 
through the whole channel volume. . There is no Couette flow anymore. 
Result of channel height H=18m 
A channel height of 18 m which is lower than threshold 20m have been simulated. 
Figure 4.6 shows the ACET fluid field and Figure 4.7 presents the dependence of velocity 
on channel height. Compared with the result of channel height of 60 m in last section, 
the distribution of fluid field of channel height 18 m is similar to the part below the 
threshold height 20 um. However, the maximum fluid velocity of 18 m channel height 
is 43.72 10−× ms/s, which is lower than the maximum fluid velocity ( 44.24 10−× m/s) of 60 
m channel height. It means that when channel height is lower than threshold height Hb, 
ACET flow field distribution varies from channel to channels. But in the section of 
H>Hb, the ACET fluid field will not be affected by the changes of channel height.  
 
 
Figure 4.6. The black arrow shows the fluid direction. The gray bars are electrode and the sample 




Figure 4.7. For a fixed channel height 18µm, fluid velocity as a function of channel height H at 
the specific location of x=7.5µm, the velocity distribution on the red line in Fig.4.6. The 
maximum velocity is 
43.72 10−× m/s. 
 




Figure 4.9. Temperature gradient as a function of Channel height. The dependence is non-linear. 
In Fig 4.8 and Fig 4.9, the strength of the electrical and thermal fields is not linearly 
decreasing with the reducing of the channel height. A small change of the channel height 
can lead to a large change of the electric and thermal field. 
Pumping rates and channel height 
Because electrical field and thermal field are not linear functions, the relationship 
between the fluid velocity and channel height is complicated and can only be solved 
through numerical simulation. As with the case of H>Hb, several channel heights have 
been simulated to find the maximum pumping rates. All the parameters remain the same 
except that the channel heights are lower than the threshold height. 
Fig.4.10 shows the changes of pumping rates related with the channel height. The 
channel height varies from 0 to 18 um. The pumping rate slope increase at first and 




Figure 4.10. The relationship between channel height and pumping rate with the boundary 
condition of H<Hb. 
 
Figure 4.11. Power input as a function of channel height. 
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The reason for this interesting result is that when channel height is small, the electrical 
energy which has been compressed by the top side of channel has been released out and 
increased dramatically. However, with the gradual raising of the channel height, the 
energy has been released completely. Because the Wb >> H, the rising of channel 
viscosity from the increasing of channel height can be neglected. The input energy of this 
pumping device is from AC signal. It means that the electric field is the energy which 
pumps the fluid. Therefore, the total input energy can be easily calculated by timing the 
voltage V_rms and current I on the electrodes. Figure 4.11 shows the relationship 
between the electrical power (IV) and the channel height.  The electrical energy (IV) 
increase greatly at first, then the energy slope tends to be smaller gradually and finally 
becomes flat at the channel height is higher than 20 um.  
The attenuation of electrical and thermal field makes the acceleration of pumping rate 
decrease and reaches the minimum value at the threshold height. Then the flow is not 
ACET flow but Couette flow. The situation of pumping becomes the same as the 








The combined results of the two conditions (H>Hb, H<Hb) of Wb=1m is shown in 
fig.4.12. The threshold height Hb is a division point for the two kinds of flow, ACET 
flow and Couette flow. Although the Couette flow is different with ACET flow, the 
ACET flow is the actuation source for the Couette flow above the threshold height. 
Without ACET flow, there is no Couette flow. 
 
4.4 Case Two: Channel width Wb < Channel height H 
 
In the foregoing analysis, the channel width is assumed to be much larger than its height, 
at 1m, to approximate the extreme case of infinite wide channel.  In real world situations, 
microchannels have a finite size, and its width is often comparable to its height.   
In this section, the channel width Wb is smaller than channel height H. All the parameters 
for the simulation remain the same as Case one except for the channel width and channel 
height. The variable is still channel height H with the channel width Wb <  Channel 
height H. Obviously, the channel model in this section is like a tall box. 
4.4.1 Channel width Wb 
Setting the channel width Wb= 50 mm, V_rms=10V and G1=5µm with the ratio of 
0.3:1:3:3, the length of W1, G1, W2 and G2 are 1.5µm, 5µm, 15µm and 15µm, 
respectively. Fig.4.13 shows the relationship between channel Height H and pumping 
rates Q. 
From Fig.4.13, the pumping rates increases rapidly when the channel height H varies 
from 0-50um. Then, increase in flow rate slows down and the flow rate eventually 
stabilizes even when the channel height is still increasing. In order to simply the problem, 
the saturation height Ht has been defined. The definition equation is: 
( ) 0.9 stableQ Ht Q=                                                     (4.3)
 
Which means the pumping rate at the saturation height Ht should be equal to the 90% of 
the stable pumping rate. If the pumping rates deviation between two adjacent channel 
height is less than 1%, then the pumping rates at the lower channel height is called stable 
pumping rates. The stable pumping rate in Fig.4.13 is 146.48 10−× and the saturation height 










Channel width Wb 
Stable Pumping rate 
Qstable (m
3/s ) 




20um 8.8E-15 7.92E-15 21 
30um 2.14E-14 1.926E-14 32 
40um 3.96E-14 3.564E-14 38 
50um 6.48E-14 5.832E-14 49 
60um 9.24E-14 8.316E-14 59 
70um 1.267E-13 1.1403E-13 71 
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In order to find the best channel height for various channel sizes, several channels with 
different channels width have been simulated. Table 4-2 shows the results 
According the data in Table 4-2, we can find the saturation height Ht is approximately 
equal to the channel width Wb for each case. The reason for this simulation result is that 
with the increasing of channel height, the electrical and thermal field will not release 
more energy above the threshold height Hb. The rising of channel viscosity cannot be 
neglected because the channel width is pretty small (Wb<H). With the increasing of 
channel height, the pumping rate cannot increase continuously but reach to a stable state. 
The pumping velocity above the saturation height Ht is almost zero and will not supply 
any contribution on the pumping rates.  
4.5 Conclusion  
 
The optimization for finding the maximum pumping rate by varying channel height is a 
complicated task. In this section, several cases of channel height H and channel width Wb 
has been studied. Fig.4.14 shows the research in this chapter. 
 












CHAPTER V FUTURE WORK 
 
 
Microfluidic area is a large and multifunction system, which including pumping, 
trapping, detection and separation, etc.  The pumping part is the fundamental step of the 
microfluidic system. Without pumping, the sample (DNA, cell, protein, sample fluid etc.) 
cannot be delivered to the microfluidic sensor and make some analysis. 
 From the optimization process we found that the micropump becomes rather efficient if 
the temperature gradients around one electrode are opposite in sign to those around the 
other electrode, i.e. one electrode is cooler than the fluid while the other is hotter than the 
fluid.  Our optimization results indicate that such a temperature difference can be 
achieved by making one electrode much smaller than the other.  However, the changing 
of temperature distribution is through modifying the electric field, since the temperature 
change is generated by self heating of electrodes.  Since electric field and temperature 
field are couple, it could pose limits in device operation.  If we add a bias temperature 
directly on the electrode and produce a external temperature field but not through the 
changing of the electric field, the ACET pumping also can be accelerated and even 
changing the direction. This phenomenon is called biased temperature ACET by adding 
external heating. This new pump design could further enhance micropump performance 
without increasing applied voltage. Simulation and preliminary experiments have been 
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Matlab Code in Comsol 3.5a 
 
% COMSOL Multiphysics Model M-file 




% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.5'; 
vrsn.ext = 'a'; 
vrsn.major = 0; 
vrsn.build = 603; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2008/12/03 17:02:19 $'; 
fem.version = vrsn; 
  
% Geometry 
Y=0; U=0; S=0; N=0; A=zeros(2,2,2); Ic=0; C=zeros(2,2); K=zeros(2,2); E=zeros(2,2); 
for r1=0.1:0.2:0.9 
    Y=Y+1; U=0; 
     
    for r2=1.1:2:7.1 
        U=U+1; N=0; 
         S=S+1; 
         C(S,1)=r1; K(S,1)=r2; 
        for  r3=9:2:15 











fem.const = {'epsilon0','8.854188e-12[F/m]', ... 
  'epsilonr_f','80.2', ... 
  'epsilon_f','epsilonr_f*epsilon0', ... 
  'k_f','0.598[W/(m*K)]', ... 
  'rho_f','1000[kg/m^3]', ... 
  'Cp_f','4.184[kJ/(kg*K)]', ... 
  'eta_f','1.08e-3[Pa*s]', ... 
  'sigma_f','2e-2[S/m]', ... 
  'tau','epsilon_f/sigma_f', ... 
  'D_a','1e-11[m^2/s]', ... 
  'omega','2*pi[rad]*15[kHz]', ... 
  'V_rms','30[V]', ... 
  'T_amb','0[degC]', ... 
  'u_av','0.1[mm/s]', ... 
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  'c0','1[umol/m^3]', ... 
  'k_on','1e5[m^3/(mol*s)]', ... 
  'k_off','0.02[1/s]', ... 
  'R_t','1.67e-8[mol/m^2]'}; 
% Geometry 







% Initialize mesh 
fem.mesh=meshinit(fem, ... 
                  'hauto',7); 
% % Initialize mesh 
% fem.mesh=meshinit(fem, ... 
%                   'hauto',1); 
% (Default values are not included) 
% Application mode 1 
clear appl 
appl.mode.class = 'EmConductiveMediaDC'; 
appl.module = 'ACDC'; 
appl.sshape = 2; 
appl.assignsuffix = '_emdc'; 
clear bnd 
bnd.V0 = {0,0,0,'V_rms/2','-V_rms/2'}; 
bnd.type = {'nJ0','cont','periodic','V','V'}; 
bnd.ind = [3,1,1,2,4,2,2,1,2,5,2,2,1,3]; 
appl.bnd = bnd; 
clear equ 
equ.sigma = {'sigma_f','mat1_sigma'}; 
equ.ind = [1,2,2]; 
appl.equ = equ; 
fem.appl{1} = appl; 
% Application mode 2 
clear appl 
appl.mode.class = 'GeneralLaminarFlow'; 
appl.module = 'MEMS'; 
appl.gporder = {4,2}; 
appl.cporder = {2,1}; 
appl.sshape = 2; 





weakconstr.value = 'off'; 
weakconstr.dim = {'lm2','lm3','lm4','lm5','lm6'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.type = {'walltype','int','open'}; 
bnd.ind = [3,1,1,2,1,2,2,1,2,1,2,2,1,3]; 
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appl.bnd = bnd; 
clear equ 
equ.eta = 'eta_f'; 
equ.gporder = {{1;1;2}}; 
equ.thickness = 1e-3; 
equ.rho = {'rho_w','mat1_rho'}; 
equ.cporder = {{1;1;2}}; 
equ.F_x = {'Fx_et',0}; 
equ.sigma = {1,'mat1_sigma'}; 
equ.F_y = {'Fy_et',0}; 
equ.SCHAON = 1; 
equ.ind = [1,2,2]; 
appl.equ = equ; 
fem.appl{2} = appl; 
% Application mode 3 
clear appl 
appl.mode.class = 'GeneralHeat'; 
appl.module = 'HT'; 
appl.shape = {'shlag(1,''J'')','shlag(2,''T'')'}; 
appl.sshape = 2; 




weakconstr.value = 'off'; 
weakconstr.dim = {'lm7'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.type = {'qc','q','q0','cont'}; 
bnd.shape = 1; 
bnd.Tinf = {273.15,300,273.15,273.15}; 
bnd.h = {0,2600,0,0}; 
bnd.ind = [1,2,3,4,2,4,4,2,4,2,4,4,2,1]; 
appl.bnd = bnd; 
clear equ 
equ.rho = {'rho_w','mat1_rho'}; 
equ.shape = 2; 
equ.C = {4184,'mat1_C'}; 
equ.Q = {'sigma_f*normE_emdc^2',0}; 
equ.convOn = {1,0}; 
equ.k = {0.598,'mat1_k'}; 
equ.v = {'v',0}; 
equ.u = {'u',0}; 
equ.ind = [1,2,2]; 
appl.equ = equ; 
fem.appl{3} = appl; 
fem.frame = {'ref'}; 
fem.border = 1; 
clear units; 
units.basesystem = 'SI'; 
fem.units = units; 
  
% Scalar expressions 
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fem.expr = {'tmp1','(Tx*Ex_emdc+Ty*Ey_emdc)/(1+(omega*tau)^2)', ... 
  'tmp2','normE_emdc^2', ... 
  'Fx_et','-0.5*epsilon_f*(0.016[1/K]*tmp1*Ex_emdc-0.5*0.004[1/K]*tmp2*Tx)', ... 
  'Fy_et','-0.5*epsilon_f*(0.016[1/K]*tmp1*Ey_emdc-0.5*0.004[1/K]*tmp2*Ty)', ... 
  'By_et','(1000-1000*(1 - (T-275+288.9414)/(508929.2*(T-275+68.12963))*(T-275-3.9863)^2))', ... 
  'rho_w','1000*(1 - (T-275+288.9414)/(508929.2*(T-275+68.12963))*(T-275-3.9863)^2)'}; 
% Coupling variable elements 
clear elemcpl 
% Extrusion coupling variables 
clear elem 
elem.elem = 'elcplextr'; 
elem.g = {'1'}; 
src = cell(1,1); 
clear bnd 
bnd.expr = {{{},'u'},{{},'v'},{{},'T'}}; 
bnd.map = {{'1','1'},{'1','1'},{'1','1'}}; 
bnd.ind = {{'2','3','4','5','6','7','8','9','10','11','12','13','14'},{'1'}}; 
src{1} = {{},bnd,{}}; 
elem.src = src; 
geomdim = cell(1,1); 
clear bnd 
bnd.map = {{{},'2'},{{},'2'},{{},'2'}}; 
bnd.ind = {{'1','2','3','4','5','6','7','8','9','10','11','12','13'},{'14'}}; 
geomdim{1} = {{},bnd,{}}; 
elem.geomdim = geomdim; 
elem.var = {'pconstr1','pconstr2','pconstr3'}; 
map = cell(1,2); 
clear submap 
submap.type = 'unit'; 
map{1} = submap; 
clear submap 
submap.type = 'linear'; 
submap.sg = '1'; 
submap.sv = {'12','11'}; 
submap.dg = '1'; 
submap.dv = {'2','1'}; 
map{2} = submap; 
elem.map = map; 
elemcpl{1} = elem; 
% Point constraint variables (used for periodic conditions) 
clear elem 
elem.elem = 'elpconstr'; 
elem.g = {'1'}; 
clear bnd 
bnd.constr = {{'pconstr1-(u)','pconstr2-(v)','pconstr3-(T)'}}; 
bnd.cpoints = {{'2','2','2'}}; 
bnd.ind = {{'14'}}; 
elem.geomdim = {{{},bnd,{}}}; 
elemcpl{2} = elem; 











% Save current fem structure for restart purposes 
fem0=fem; 
   I1=postint(fem,'u', ... 
           'unit','m^2/s', ... 
           'recover','off', ... 
           'dl',1, ... 
           'edim',1); 
       A(Y,U,N)=I1; 
%        A(1,1)=I1; 
       if Ic < I1 
           Vmax=I1; W1max=W1; W2max=W2; G2max=G2; Ic=I1; 
       else 
        
       end 
  end 
   end 
end 
  
% Plot solution 
postplot(fem, ... 
         'tridata',{'V','cont','internal','unit','V'}, ... 
         'trimap','Rainbow', ... 
         'title','Surface: Electric potential [V]', ... 
         'axis',[-1.3070241789666628E-4,3.707024118337563E-4,-1.500000071246177E-
5,3.1500001496169715E-4]); 
% Plot solution 
postplot(fem, ... 
         'tridata',{'V','cont','internal','unit','V'}, ... 
         'trimap','Rainbow', ... 
         'arrowdata',{'u','v'}, ... 
         'arrowxspacing',20, ... 
         'arrowyspacing',50, ... 
         'arrowscale',2, ... 
         'arrowtype','arrow', ... 
         'arrowstyle','proportional', ... 
         'arrowcolor',[1.0,1.0,1.0], ... 
         'title','Surface: Electric potential [V]   Arrow: Velocity field', ... 
         'axis',[-1.3070241789666628E-4,3.707024118337563E-4,-1.500000071246177E-
5,3.1500001496169715E-4]); 
  
% Plot solution 
postplot(fem, ... 
         'tridata',{'T','cont','internal','unit','K'}, ... 
         'trimap','Rainbow', ... 
         'arrowdata',{'u','v'}, ... 
         'arrowxspacing',20, ... 
         'arrowyspacing',50, ... 
         'arrowscale',2, ... 
         'arrowtype','arrow', ... 
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         'arrowstyle','proportional', ... 
         'arrowcolor',[1.0,1.0,1.0], ... 
         'title','Surface: Temperature [K]   Arrow: Velocity field', ... 
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